INTRODUCTION
The carcinogenic potential of environmental chemicals is typically evaluated in rodent bioassays (1 8,22) . Among the various rodent models, the strain A mouse lung adenoma bioassay has been used extensively in carcinogenicity tests (1 8, 22) . Differences in the growth patterns of mouse lung adenomas have long been described; prior to 1975, most investigators thought that these tumors were derived from type I1 pneumocytes (1 8) . In 1979, however, Kauffman et a1 (1 l ) reported that papillary lung adenomas had features consistent with a Clara cell origin, an observation which has since been confirmed by other investigators (2, 8, 9, 14, 23,.24; 29) . More recently, immunocytochemical investigations by Ward et a1 (27) and Rehm et a1 (17) suggested that all mouse lung tumors are derived from alveolar type I1 pneumocytes, regardless of the growth pattern (i.e., solid or papillary). Therefore, an unresolved debate now exists regarding the cellular origin of mouse lung adenomas. Histological and ultrastructual evidence supports both the alveolar type I1 cell and the bronchiolar Clara cell as progenitors for these tumors, whereas immunohistochemical evidence supports the type I1 pneumocyte as the sole progenitor. The present study provides evidence that the growth patterns of lung tumors induced by 12 different carcinogens injected ip in a single mouse strain is variable, supporting the hypothesis that mouse lung tumors may be derived from both type I1 alveolar pneumocytes and Clara cells.
MATERIA-AND METHODS +ung tissues used in the present study were obtained from strain A/J mice that had been employed in 3 separate carcinogenesis bioassays. The procedures and the results of the bioassays have been published (5, 20, 21) . Briefly, A/J mice were maintained on corn-cob bedding in temperature (22 & 2 "C) and humidity (30-50Yo) controlled rooms with a 12 hr lightldark cycle. Purina Certified Rodent Chow No. 5002 (Ralston Purina Company, St. Louis, MO) and water were provided ad libituni. All test chemicaIs were administered ip to 6-7-weekold animals at an established maximum tolerated 168 Mice were sacrificed by cervical dislocation 24 weeks after the initial treatment for each chemical, and their lungs were removed and fixed with either a 70% ethanol solution containing 5% glacial acetic acid and 5% formaldehyde or a 4% paraformalde- Control' lungs of 12-18 mice (6-9 ofeach sex) per test chemical were counted grossly. The right lobes were then bisected, processed, and embedded, the peripheral surfaces positioned for sectioning, in methacrylate resin for histological evaluation of a random sampling of the available tumors. This procedure permitted a sampling of 28%-91% of the available tumors in the various treatment soups. Sampling only 1 lobe of the lung was found to be sufficient for tumor evaluation, since tumors are evenly distributed throughout the lung (16, 22) . Tissue for light microscopic studies was sectioned at 1 pm with a Sorvall JB4 microtome, and all sections were stained with a JB4 polychrome stain. Tissue for electron microscopy was post-fixed with 1% osmium tetroxide in s-collidine buffer, pH 7.2, and saturated aqueous uranyl acetate, pH 3.3, dehydrated in a graded series of alcohols, and embedded in Spurr's resin (19) .
Each tumor was classified according to its histologic growth pattern as solidlalveolar ( Fig. l) , papillary ( Fig. 2) , or a mixture of solid/alveolar and papillary by criteria described by Kauffman et a1 (I 1). The criteria included differences in cell shape, nuclear position and shape, and tumor boundaries. Solidlalveolar tumors are composed of cuboidal cells with a round to oval nucleus, and have projections (Table I) and tumor growth pattern (Table 11) . A Pearson x2 statistical test for fit was utilized to evaluate the observed variance in tumor growth patterns.
RESULTS
The average number of surface tumors on the right lower lobes of lungs of chemically treated A/J mice used in this study was 0.6-14.6 tumors per lobe (Table I) . Eight of the 12 chemicals tested (Table 11) induced tumors with a solidlalveolar growth pattern ( Fig. 1 ) that occurred at least 3 times as frequently as those with a papillary growth pattern (Fig. 2) . These chemicals were AFB,, BP, DMH, ENU, MCA, MNU, NDBA, and NNK. Tumors induced by azaserine and urethane also had a predominantly solidlalveolar growth pattern. The frequency of solid and papillary tumors induced by DBE was approximately equal, whereas tumors induced by NDEA had a predominantly papillary growth pattern (Table 11 ). Tumors arising spontaneously in untreated control animals had only the solidlalveolar growth pattern. Tumors arising in vehicle control animals were unavailable for evaluation; however, previous studies by Stoner et a1 (21) found no significant differences in tumor response in vehicle-treated (distilled water, DMSO, or tricaprylin) mice vs untreated controls.
Electron microscopy of 76 tumors showed that tumors with a solid/alveolar growth pattern (24/76) always contained cuboidal cells having cytoplasmic lamellar bodies ( Figs. 3 and 4 ) consistent with the ultrastructural morphology of type I1 pneumocytes. On the other hand, tumors with a papillary growth pattern (39/76) always contained columnar cells with pleomorphic nuclei and cytoplasmic granules (Figs. 5 and 6), features consistent with those ofClaracells. A variable proportion (644%) of chemically-induced tumors in this study were classified as "mixed," since they exhibited both solidlalveolar and papillary growth patterns (Table 11 ). Ultrastructural examination of 13 of these tumors revealed that they were composed of cells that resembled both type I1 pneumocytes'and Clara cells (Fig. 7) .
DISCUSSION
Our data provide evidence that chemical carcinogens induce lung adenomas in strain N J mice that exhibit either a solid/alveolar growth pattern, a papillary growth pattern, or a mixed growth pattern. The relative proportion of tumors with each growth pattern varied with the carcinogen. Although tissue was not evaluated to determine if the various vehicles had an effect upon the resulting tumor growth patterns described here, 3 alkylating compounds, NDBA, NDEA, and ENU, all given in tricaprylin, produced striking differences in the ratio of the solid/alveolar to papillary growth pattern (Table 11 ), suggesting that the vehicle had no effect on tumor morphology.
Inspite of our morphological evidence for 2 dis-tinci\"cell types m mouse lung adenomas with different growth patterns, and similar observations by other investigators (2, 11, 14, 23, 24, 29) , the histogenesis of these tumors is still a matter of some speculation. Ward et a1 (27) suggest that all lung tumors in A, BALB/c, and B6C3F1 strain mice arise from the type I1 pneumocyte, since both spontaneous tumors and tumors induced by ENU or NDEA contained cells which reacted with surfactant apoprotein (SAP) antibodies, but not with antibodies to Clara cell antigen. Mixed and papillary tumors TOXICOLOGIC PATHOLQGY The nuclei are pleomorphic in shape. x 3,000.
were described as enlarged neoplasms that always reacted with SAP, but usually within the nucleus, since cytoplasmic positivity was rare (27) . A subsequent study by the same group using histochemical, ultrastructural, and immunocytochemical techniques confirmed and extended their previous observations (1 7) . Therefore, according to these investigations, all lung tumors induced in the present study are likely to have been derived from alveolar type I1 pneumocytes. In contrast, there is considerable evidence to suggest that mouse lung adenomas with a papillary growth pattern are derived from Clara cells. Kauffman et a1 (1 I), using light and electron microscopy, reported that the majority of lung tumors induced by.transplacenta1 exposure of Swiss-Bagg Webster mic2'to ENU had a papillary growth pattern composed of Clara cells. Witschi and Haschek (29) , using light microscopy, found that the majority of ure- thane-induced tumors in Swiss-Webster mice appeared to be of Clara cell origin, whereas tumors induced by urethane in strain N J mice were predominately of alveolar type I1 cell origin. Using similar techniques, Beer and Malkinson (23) and Thaete et a1 (16) found that urethane-induced tumors in several mouse strains (NJ, SWWJ, RIIIUJ, BALB/ cByJ, 129/J, and C57BL/6J) were either papillary or solid in appearance and were composed of either Clara cells or alveolar type I1 cells. The relative proportion of papillary-to-solid tumors increased with time in all strains; however, the ratios vaned markedly between 28 and 56 weeks in strain SWW J (0.4:l and 1.3:l) and in strain 12915 (0.8:l and 1.2:l) when compared to the ratios (0.7:l and 0.5: 1) in strain A/J mice at the same time intervals (23).
Histochemical investigations also provide evidence for a Clara cell origin of papillary lung neoplasms in the mouse. Utilizing nitroblue tetrazolium (NBT) reductase activity as a marker for normal Clara cells, Palmer (1 4) demonstrated that papillary adenomas induced by ENU.in Swiss-Webster mice possess nearly normal enzyme activity. However, this result has been refuted by Rehm et a1 (1 7) , who found that mouse lung tumors (also ENU-induced in Swiss-Webster mice) did not reduce NBT. The discrepancy in the results of these 2 studies might be due to the use of nonidentical methodology to demonstrate dehydrogenase activity. Palmer (1 4) utilized the method of Devereux and Fouts (7) , which requiresNADPH as a coenzyme and does not utilize an enzyme substrate, to demonstrate endogenous NBT reductase activity, whereas Rehm et a1 (17) utilized NBT as an indicator to demonstrate &hydroxybutyrate dehydrogenase activity, which required NAD as a coenzyme and utilized an enzyme substrate (25) . More recently, histochemical techniques to demonstrate dehydrogenase activity have been utilized by Thaete and Malkinson (24) for succinate dehydrogenase and by Gunning et a1 (9) for glyceraldehyde-3-phosphate dehydrogenase. These techniques revealed differences in enzyme activity between solid/alveolar and papillary mouse lung tumors Gmilar to those observed in normal type I1 and Clara cells.
Normal bronchiolar epithelial cells and papillary lung tumors have been reported to react immunocytochemically with antibodies raised against 56 Kd and 64 Kd cytokeratins in Syrian golden hamsters (15) and in strain A/J mice (8). In both studies, normal type I1 cells and solidlalveolar lung tumors were shown to be unreactive with the polyclonal antibodies. Although these results do not specifically correlate lung tumor morphology with the putative cell of origin, the potential for a Clara cell origin of papillary tumors is suggested.
Other evidence for the Clara cell origin of some lung tumors is derived from studies in species other than the mouse. These investigations suggest that Clara cells can exhibit properties commonly associated with type I1 alveolar cells. For example, immunocytochemical studies using human, canine, and rat lung tissues have shown the Clara cell to be capable of producing surfactant-associated glycoproteins (1, 26, 28) . Both type I1 cells and bronchiolar Clara cells share many common features, including the presence of the surfactant apoprotein SP-A and highly specific surface antigens (12). Human primary lung adenocarcinomas classified histologically as Clara cell-derived were shown to react with antibodies to surfactant apoproteins (6, 13) . This may be the result of cellular transformation, as suggested by Boyd and Reznik-Schuller (3), who showed that normal Clara cells, in response to treatment with nitrosamine carcinogens, synthesize and secrete osmiophilic lamellar bodies, commonly seen in alveolar type I1 cells.
The results of the present study indicate that chemical carcinogens induce lung adenomas with different morphological properties in the strain A mouse. This is the first report in which several carcinogens were shown to induce lung tumors with different growth patterns in a single mouse strain. Based upon our studies, the "solid" tumors appear to be composed of type 11 pneumocytes and the papillary tumors of Clara cells. However, there could be a "stem" cell progenitor for all mouse lung adenomas which is, as yet, unidentified. If so, these progenitor cells could differentiate into cells that exhibit properties of either alveolar type I1 pneumocytes or of Clara cells. Alternatively, Clara cells (or type 11 cells) may "revert" t o stem cells when exposed to injurious stimuli (4), and then differentiate into one cell type or the other. Additional investigations are required to address these possibilities.
